word count: 200 Manuscript word count: 3741 Running title: Rasagiline reduces [ 18 F]THK5351 uptake in PSP Financial Disclosure/Conflict of Interest All authors have no disclosures ABSTRACT Background [ 18 F]THK5351 is a tau positron emission tomography tracer that has shown promise in quantifying tau distribution in tauopathies such as Alzheimer's disease (AD) and progressive supranuclear palsy (PSP). However, the interpretation of [ 18 F]THK5351 uptake has been shown to be confounded by high monoamine oxidase B (MAO-B) availability across the brain in AD.
Introduction
Tauopathies are neurodegenerative diseases characterized by the intracellular accumulation of hyperphosphorylated and abnormally aggregated tau proteins (Buée et al., 2000) . These pathological tau proteins can be composed of 6 tau isoforms with either 3 repeats (3R) or 4 repeats (4R) of the microtubule binding domain. Progressive supranuclear palsy (PSP) is a 4R tauopathy characterized clinically by supranuclear gaze palsy, gait instability, parkinsonism and cognitive impairment (Boxer et al., 2017) . Tau aggregates deposition in PSP has a distinct distribution affecting in particular the subthalamic nucleus, midbrain, and globus pallidus.
Aggregates have a unique histopathological appearance of neurofibrillary tangles (NFT), with tufted astrocytes, coiled bodies and threads (Williams, 2006; Williams et al., 2007) . However, given that tauopathies other than PSP such as corticobasal degeneration may manifest with a clinical presentation mimicking PSP, a definitive diagnosis of PSP is dependent on pathological confirmation from post-mortem examination. As such, the in vivo characterization of tau pathology using a tau positron emission tomography (PET) tracer capable of accurately diagnosing PSP would be highly useful as it could be a mean for selecting patients appropriate for a given therapy and to monitor treatment efficacy for PSP.
The advancement of tau tracer research has enabled the in vivo quantification of tau aggregates in tauopathies using PET imaging. [ 18 F]THK5351 is a quinoline-derivative tau imaging tracer with high affinity to paired helical filaments (PHF) present in NFT. In AD, which is characterized by hallmark pathologies of amyloid and NFT, retention of [ 18 F]THK5351 in the temporal lobes is able to distinguish AD from healthy controls (Harada et al., 2016) , whereas in PSP, a recent study further demonstrates that [ 18 F]THK5351 uptake corresponds to tau lesions with selective binding to tufted astrocytes . In the same study, there is retention of [ 18 F]THK5351 in the globus pallidus and midbrain of PSP patients with the classic Richardson's syndrome, consistent with the typical neuropathological findings of classic Richardson's syndrome. Therefore, [ 18 F]THK5351 represents a promising tau PET tracer for the in vivo characterization of tau aggregates in both AD and PSP.
However, there are concerns regarding the specificity of [ 18 F]THK5351 for PHF given that [ 18 F]THK5351 is consistently observed to be retained in brain regions known to express negligible amounts of PHF in both AD and healthy individuals (Jang et al., 2018) . In this regard, there is growing evidence demonstrating an off-target binding of [ 18 F]THK5351 to monoamine oxidase-B (MAO-B) binding sites in individuals with AD (Ng et al., 2017b) , suggesting that the interpretation of [ 18 F]THK5351 PET scans as reflecting tau aggregation is confounded by the high MAO-B availability across the entire brain. Furthermore, a recent neuroimagingpathological study also shows that [ 18 F]THK5351 PET uptake reflects MAO-B binding (Ishiki et al., 2018) . Rasagiline is a selective MAO-B inhibitor (Lecht et al., 2007) and pharmacokinetic and pharmacodynamic studies of rasagiline show full saturation of MAO-B occupancy after a week of daily dosing, as measured by platelet MAO-B inhibition in healthy volunteers (Thébault et al., 2004) . In addition, a [ 11 C]L-deprenyl PET study demonstrates in vivo full brain MAO-B occupancy after a 10 day course of daily 1 mg rasagiline (Freedman et al., 2005) . Therefore, a rasagiline challenge using this dosing protocol prior to a [ 18 F]THK5351 PET scan constitutes a potential strategy to demonstrate the presence of off-target binding to MAO-B binding sites in PSP.
Here, in a competition study of probable PSP and cognitively unimpaired (CU) individuals undergoing baseline and post-rasagiline challenge [ 18 F]THK5351 PET scans, we test the hypotheses that a 10 day course of daily 1mg rasagiline will reduce the uptake of [ 18 F]THK5351 in PSP, attributable to the off-target binding to MAO-B binding sites.
Methods

Study participants
In this study, we recruited patients with a clinical diagnosis of probable PSP based on the National Institute of Neurological Disorders and Stroke and the Society for PSP (NINDS-SPSP) criteria (Litvan et al., 1996) and CU controls not meeting the criteria of mild cognitive impairment (MCI) (Petersen, 2004) (Folstein et al., 1975) to evaluate their global cognition. In addition, all PSP patients were examined by a neurologist to grade the severity of their PSP condition using the PSP rating scale (PSPRS) (Golbe and Ohman-Strickland, 2007) . The PSPRS is a clinical scale that has been validated to measure disease progression and prognosis. It consists of 28 items grouped in 6 categories: daily activities, behavior, bulbar, ocular motor, limb motor and gait/midline signs.
The PSPRS score ranges from 0 to 100 and a higher score indicates a poorer prognosis.
Ethics approval and consent to participate
The study has been approved by the McGill institutional review board and all participants signed an informed consent form prior to the study.
Scanning and dosing protocol
All participants underwent [ 18 F]THK5351 and [ 18 F]AZD4694 scans to quantify their baseline tau and amyloid loads respectively. All participants then received a daily oral dose of 1 mg rasagiline for a course of 10 days and their medication adherence was ensured via a daily phone call by a study coordinator. A post-challenge [ 18 F]THK5351 scan was conducted on the last day of the rasagiline dosing regimen. The last dose of 1 mg Rasagiline was given one hour before the second [ 18 F]THK5351 scan. There was an average of 14 days (SD=0.54 days) between the baseline and post-rasagiline [ 18 F]THK5351 scans. All PET scans were performed on a Siemens High Resolution Research Tomograph (HRRT). The [ 18 F]THK5351 acquisition consisted of dynamic images acquired from immediately after the intravenous bolus injection to 70 min postinjection. The mean ± standard deviation (SD) injected radioactivity of [ 18 F]THK5351 was 6.9 ± 0.1 mCi for the baseline scan and 7.0 ± 0.1 mCi for the post-rasagiline scan. [ 18 F]AZD4694 acquisition consisted of dynamic images (6 × 5 min) acquired at 40-70 min after intravenous bolus injection of [ 18 F]AZD4694. The mean ± SD injected radioactivity of [ 18 F]AZD4694 was 6.7 ± 0.1 mCi. A six-minute transmission scan was performed following each PET scan for attenuation correction. Additionally, the images underwent correction for dead time and decay.
All PET images were reconstructed using an Ordered Subsets Expectation Maximization (OSEM) algorithm (Alessio and Kinahan, 2006) which corrected for normalization, attenuation, randoms and scatter. In addition, inter-frame motion was corrected using the first frame as a reference. All patients also underwent a T1-weighted MP-RAGE anatomical MRI scan using a 3.0 T Siemens Sonata scanner for co-registration purposes and to evaluate for typical structural PSP features such as an abnormal midbrain to pons ratio (Massey et al., 2013) .
Synthesis of [ 18 F]THK5351 and [ 18 F]AZD4694
[ 18 F]THK5351 was synthesized according to the previously published protocol (Harada et al., 2016b) . At the time of production, the average molar activity was 1702 ± 777 MBq/μmol for the baseline scan and 3256 ± 1554 MBq/μmol for the post-rasagiline dosing challenge scan. The average injected molar activity was 1135.9 ± 732.6 MBq/μmol for the baseline scan and 1605.8 ± 1454.1 MBq/μmol for the post-rasagiline dosing challenge scan (P = 0.49, not significant). The average injected mass dose was 14.94 ng/kg for the baseline scan and 12.62 ng/kg for the postrasagiline dosing challenge scan (P = 0.70, not significant). [ 18 F]AZD4694 was synthesized using the previously published protocol (Cselényi et al., 2012) , with an average molar activity of 3071 ± 518 MBq/μmol.
MRI and PET image processing
The T1-weighted MR images were processed using the CIVET image processing pipeline (Ad- Dab'bagh et al., 2006) and all PET images were processed using an established image processing pipeline previously reported (Ng et al., 2017a; Therriault et al., 2018) . Briefly, individual PET and MRI images were co-registered using a rigid-body transformation based on 6 parameters.
Then, the images were linearly co-registered and non-linearly spatially normalized to the standardized MNI152 template without modulation using an affine transformation from the PET/T1-MRI transformation and anatomical MRI registration.
Due to the presence of MAO-B in the reference region, full quantification of [ 18 F]THK5351 is not possible, as specific uptake in the reference region (in this case, the cerebellar grey matter) violates an assumption of the Simplified Reference Tissue Method (SRTM) (Salinas et al., 2015) . Correspondingly, other reference tissue methods such as SUVR are also inappropriate. As such, we generated regional [ 18 F]THK5351 standardized uptake values (SUV) as a primary outcome measure. We measured the baseline and post-rasagiline [ 18 F]THK5351 SUV using tissue radioactivity data obtained 50 to 70 min after [ 18 F]THK5351 injection, normalized by patient body weight and injected radioactivity. SUV was measured in the substantia nigra, thalamus, subthalamic nucleus, internal globus pallidus, midbrain, dentate nucleus and cerebellar grey matter in PSP and CU participants. These regions were assessed using an atlas created for subjects with movement disorders (Xiao et al., 2017) . The ROIs were subsequently applied to the dynamic PET frames to obtain the time-activity curve data. A basal ganglia meta-ROI was used to display time-activity curves, composed of the substantia nigra, subthalamic nucleus, internal & external globus pallidus, caudate and putamen. We then calculated the average percentage reduction of mean regional SUV in the post rasagiline scans. All participant's post-rasagiline [ 18 F]THK5351 SUV images were independently rated by two experts (JPS and PRN) in a blinded fashion as PSP-positive or PSP-negative. Cases were displayed on a system allowing visualization along the 3 standard axes, with the possibility of modifying the intensity settings of the colour scale. Interpretation was based on comparison to locally performed control cases: positive cases were those that, as subjectively assessed by the raters, showing increased and spatially different uptake when compared to controls in a manner consistent with published distributions of PSP pathology (Williams et al., 2007) .
The [ 18 F]AZD4694 SUVR maps were processed using the cerebellar cortex as the reference region and each participant's [ 18 F]AZD4694 SUVR image was independently rated by two experts (JPS and PRN) as amyloid-positive or amyloid-negative. The midbrain to pons ratio was measured using the participant's sagittal T1-weighted MP-RAGE MRI image in native space.
Based on previous reports, a midbrain to pons ratio of < 0.52 was considered supportive of a diagnosis of PSP, with a specificity of 100% and a sensitivity of 85.7% (Massey et al., 2013) .
Measurement of the midbrain to pons ratio was taken by placing elliptical regions of interest over the pons and midbrain in the midsaggital slice of the MRI in native space. Detailed description of this procedure as well as a visual representation of the methodology can be found in (Massey et al., 2013) .
Statistical analysis
We performed the statistical analysis using the GraphPad Prism Version 7.0b (GraphPad Software, La Jolla, California, USA; www.graphpad.com). Paired t test analyses were used to compare the baseline and post-rasagiline regional [ 18 F]THK5351 SUV.
Results
Six participants (4 probable PSP, and 2 CU) were recruited. Baseline demographics and clinical characteristics of the participants are summarized in Table 1 .
Clinical profiles of the participants:
Patient 1 
Baseline regional [ 18 F]THK5351 uptake:
Time-activity curves demonstrated that the radioactivity appeared quickly in the brain, with an SUV peak between 1 min and 3 min. In PSP participants at baseline, the mean (standard deviation [SD]) [ 18 F]THK5351 SUV was highest in the internal globus pallidus (1.81 ± 0.73) followed by the subthalamic nucleus (1.48 ± 0.69), substantia nigra (1.41 ± 0.58), thalamus (1.34 ± 0.49), midbrain (1.17 ± 0.51) dentate nucleus (0.72 ± 0.38) and cerebellar grey matter (0.39 ± 0.13) ( Table 2 ). In CU participants at baseline, the mean (SD) [ 18 F]THK5351 SUV was highest in the internal globus pallidus (0.98 ± 0.51) followed by the thalamus (0.72 ± 0.38), substantia nigra (0.71± 0.35), subthalamic nucleus (0.66 ± 0.35), midbrain (0.65 ± 0.33), dentate nucleus (0.42 ± 0.22) and cerebellar grey matter (0.25 ± 0.13).
Post-rasagiline challenge regional [ 18 F]THK5351 uptake:
In the post-rasagiline scans, time-activity curves demonstrated that the radioactivity appeared quickly in the brain, with an SUV peak between 1 min and 3 min. In the post-rasagiline scans of the PSP participants, the regional SUV values were reduced on average by 69% to 89%, with the greatest average decline in the midbrain (88.8%) and thalamus (89.1%) ( Table 2 ). In the post-rasagiline scans of the CU participants, the regional SUV values were reduced on average by 53% to 81%, with the greatest average decline in the thalamus (80.5%) and internal globus pallidus (81.6%). The post-rasagiline [ 18 F]THK5351 scans were rated as PSP negative in all participants. In the PSP participants, the distribution of [ 18 F]THK5351 was heterogeneous and not consistent with the typical distribution of tau aggregates deposition in PSP.
Discussion:
In summary, we showed that in vivo quantification of tau aggregates in PSP using [ 18 F]THK5351 is likely confounded by off-target binding to MAO-B binding sites, consistent with our earlier findings in MCI and AD individuals (Ng et al., 2017b) .
The high retention of [ 18 F]THK5351 in brain regions known to have negligible amounts of PHF has been attributed to off-target binding to MAO-B sites (Ishiki et al., 2018; Ng et al., 2017b) .
Supporting this hypothesis are results from a study we recently performed using a challenge experiment with the MAO-B inhibitor selegiline in mild cognitive impairment (MCI) and AD patients to test the effects of MAO-B inhibition on [ 18 F]THK5351 brain uptake. Following a single 10 mg oral dose of selegiline, the regional [ 18 F]THK5351 standardized uptake values (SUVs) decreased on average by 36.7 to 51.8%, with the greatest decline noted in the basal ganglia and thalamus, where the MAO-B concentrations are the highest (Ng et al., 2017b) . In another PSP neuroimaging-pathological study, [ 18 F]THK5351 uptake in ante-mortem PET correlated with MAO-B, reactive astrocyte density, and tau pathology at post-mortem examination (Ishiki et al., 2018) . In the subsequent in vitro autoradiography analysis, [ 18 F]THK5351 binding in areas of ante-mortem [ 18 F]THK5351 retention was completely blocked by lazabemide, a reversible selective MAO-B inhibitor. In the present study, we demonstrated that prolonged administration (10-day course of 1 mg per day) of rasagiline reduced [ 18 F]THK5351 uptake across brain regions on average by 69% to 89% in PSP and 53% to 81% in CU individuals. Therefore, our findings add to the growing list of reports that interpretation of [ 18 F]THK5351 uptake as seen with PET imaging as representative of tau aggregation is complicated by off-target binding to MAO-B binding sites.
Off-target binding occurs when there is displaceable binding to a receptor target other than the receptor target of interest. Given the presence of high MAO-B binding sites across the entire brain (Tong et al., 2013) , it is likely that both the target (PHF) and off-target (MAO-B) binding sites for [ 18 F]THK5351 co-localise in similar brain regions in PSP. This leads to unreliable interpretation of [ 18 F]THK5351 PET images for differentiating fractions bound to PHF or MAO-B proteins in PSP as well as AD. In participants diagnosed with probable PSP, we demonstrated higher [ 18 F]THK5351 uptake in typical brain regions known to have higher tau aggregates in PSP on the baseline [ 18 F]THK5351 scans. However, when we utilized a prolonged rasagiline dosing protocol to block MAO-B binding sites, the residual [ 18 F]THK5351 uptake was heterogeneous and did not follow a typical regional distribution consistent with PSP. We found that [ 18 F]THK5351 uptake was displaced in both PSP-related regions including the subthalamic nucleus, substantia nigra and globus pallidus (Williams et al., 2007) and non PSP-related regions to varying levels. MAO-B expression level in the brain, for example in the globus pallidus, increases with age (Fowler et al., 1997) . During the normal aging process, global MAO-B availability increases at the rate of nearly 9% per decade (Fowler et al., 1997) . Furthermore, MAO-B protein levels are also reported to change in diseases such as AD (Schedin-Weiss et al., 2017) and Huntington's disease (Belendiuk et al., 1980) . The variable expressions of MAO-B in the brain due to age and disease status suggest that a uniform dosing regimen using MAO-B inhibitors such as rasagiline may not be a satisfactory approach to resolve the issue of off-target binding of [ 18 F]THK5351 to MAO-B sites. Furthermore, the variable expression of MAO-B in the brain due to age and disease status affects the use of reference tissue methods for
MAO-B is a protein that is highly expressed in multiple brain regions, especially in histaminergic and serotonergic neurons (Saura et al., 1996) . It is also present in the outer membrane of the astrocyte's mitochondria. [ 11 C]-L-deuteriodeprenyl is thought to bind to activated astrocytes and has been proposed to quantify astrocytosis in various neurodegenerative conditions such as AD (Carter et al., 2012; Santillo et al., 2011a) . Patients with AD have been shown to express more MAO-B than controls matched for age (Santillo et al., 2011b) , while post-mortem studies have demonstrated increased astrogliosis in patients with greater disease severity, which correlates significantly with tau pathology (Serrano-Pozo et al., 2011) . Recent studies have further suggested that [ 18 F]THK5351 may prove useful as a neuroimaging biomarker of astrogliosis Ishibashi et al., 2017) . In our study, the higher [ 18 F]THK5351 SUVs in PSP at baseline suggests higher MAO-B availability in brain regions typical of PSP which may reflect locally increased astrogliosis in those areas. However, due to specific binding of [ 18 F]THK5351 to MAO-B in the cerebellar grey matter, further studies will be needed to determine whether [ 18 F]THK5351 can be used to assess astrogliosis with reference region methods.
Several methodological considerations limit the interpretation of the present study. Firstly, our study was conducted without measurements of the arterial input function. Hence, the interpretation of our results may be influenced by metabolic sources of variability or changes in cerebral blood flow. A second limitation of our study is the limited number of subjects as well as mixed pathologies, namely amyloid positivity in some of the older subjects (Jansen et al., 2015) .
While comorbidity of pathologies is common in neurodegenerative diseases Schneider et al., 2007) , a clinical misdiagnosis of PSP could result in a clinicalradiological mismatch where an image does not display a typical PSP pattern of uptake in a patient clinically misdiagnosed with PSP. A third limitation is that the in vivo affinity of [ 18 F]THK5351 to MAO-B is unknown, but likely high, suggesting that the rasagiline challenge could potentially affect binding to both high and low affinity targets of [ 18 F]THK5351. Also, the ability of rasagiline to displace the binding of [ 18 F]THK5351 to tau is not known. Hence, it cannot be concluded that the percentage change in binding is exclusively due to reduction in MAO-B availability. Moreover, SUV has not yet been studied in the context of post-rasagiline [ 18 F]THK5351 PET scanning. Lastly, the use of SUV has limitations, including introducing variability of cerebral blood flow and tracer delivery, as well as other sources of physiological variability (Boellaard, 2009 ) which limit some of the interpretations of our study.
In summary, our study supports the concept that MAO-B is likely an off-target binding site of Baseline and post-rasagiline regional time-activity curves for a representative subject 
